We examine the step instability observed in Fe growth on a Cu(100) vicinal substrate in which deposition of a relatively low coverage of Fe leads to a dramatic increase in the step roughness, with a change in the step morphology from relatively straight [100] steps to a mixture of [100] and [110] steps. Our temperature-accelerated dynamics (TAD) simulations and energetics calculations indicate that the dramatic change in the step morphology is due to a variety of unexpected complex multiatom interlayer diffusion (MID) processes near step-edges which lead to a competition between [100] and [110] steps, whose barriers are significantly reduced due to the existence of strong Fe-Fe and Fe-Cu interactions as well as strain effects. In contrast, TAD simulations of vicinal Cu/Cu(100) growth do not lead to an instability, in good agreement with experiments. Our results also indicate that while the instability is driven by energetics, kinetics plays a crucial role. We also present the results of TAD simulations and energetics calculations for the case of Fe/Cu (100) 
I. INTRODUCTION
Due to potential applications in the fabrication of magnetoelectronic devices [1] as well as a fundamental interest in the effects of structure and morphology on magnetic properties, ultrathin magnetic films have been the subject of intensive experimental and theoretical [27] [28] [29] [30] [31] [32] [33] investigation. Among many possible magnetic systems, epitaxial growth of Fe/Cu(100) has received the most attention since at room temperature (RT) this system exhibits a surprisingly rich set of magnetic phases and structural transitions with increasing film thickness [3, 12] . In addition, it was found that Fe/Cu intermixing at the interface plays an important role in determining the magnetic properties [27] as well as the surface and island morphology [12, 34, 35] in the early stages of growth.
While much of this work has focused on growth on relatively flat Cu(100) substrates, it is also interesting to consider the effects of Fe deposition at step-edges. Of particular interest is the step instability observed in RT Fe growth on a Cu(100) vicinal substrate [35] in which it was found that deposition of a very small amount of Fe, corresponding to a coverage of θ = 0.035 monolayers (ML) leads to a dramatic increase in the step roughness with a change in the step morphology from relatively straight [100] steps (see Fig. 1(a) ) to a mixture of [100] and [110] steps (see Fig. 1(b) ). A similarly significant change in the step morphology (with initial Cu[110] stepedges) was also observed in RT Ni/Cu(100) growth [36] after deposition of a small amount of Ni (θ ≪ 0.1 ML).
A number of possible effects −including strain due to intermixing and vacancy-assisted embedding [35] − have been proposed to explain the observed step instability in Fe/Cu(100) growth. However, the detailed mechanisms by which these effects might lead to instability are 2 ) from Ref. [35] : (a) before and (b) after deposition of 0.035 ML Fe on a vicinal Cu(100) surface at RT. not well understood. In addition, the atomic-size mismatch [37] is relatively small (1.6%) while the equilibrium Cu(100) vacancy density at RT is negligibly small [38] .
Here we present the results of temperature-accelerated dynamics (TAD) [39] [40] [41] [42] simulations and energetics calculations which indicate that the dramatic change in the step morphology observed in the growth of Fe on vicinal Cu(100) is due to a variety of complex multiatom interlayer diffusion (MID) processes near step-edges which lead to the embedding of Fe atoms deposited on the upper terrace along with the formation of extended [110] stepedges. Due to the existence of strong Fe-Fe and Fe-Cu interactions as well as strain effects, the energy barriers for these multi-atom processes are significantly reduced compared to the case of Cu growth on vicinal Cu(100). The effects of these processes are enhanced by the reduced mobility of Fe monomers on Cu(100) as well as by the pinning of edge-diffusing Cu atoms by nearby Fe atoms.
These effects are further enhanced by the fact that the activation barriers for exchange processes at [110] steps tend to be larger than at [100] steps, which tends to stabilize [110] step-edges. We also present the results of TAD simulations of Fe/Cu(100) growth on vicinal surfaces oriented along the [110] direction which indicate that similar effects may lead to a somewhat different type of instability in this case. Our results also indicate that these effects may explain a variety of other experimentally observed instabilities including those observed in Ni/Cu(100) [36] and Co/Cu(100) [43] . This paper is organized as follows. In Sec. II we first present the results of activation barrier calculations carried out for different types of step-edges in order to illustrate the types of processes involved in vicinal Fe/Cu(100) and Cu/Cu(100) growth. The results of our TAD simulations are then presented in Sec. III along with additional energetics calculations. Finally, in Sec. IV we briefly summarize our results.
II. ACTIVATION BARRIER CALCULATIONS
In order to understand the effects of MID processes on the stability of step-edges we first consider a simple multi-atom interlayer diffusion process that involves one Fe (or Cu) adatom on the upper terrace and one or more additional Cu surface atoms near four different types of step edge, corresponding -as shown in Fig. 2 Fig. 2(a)-(d) are the barriers for these processes, calculated using the Fe-Cu embedded-atom-method (EAM) potential [44] [45] [46] used in our TAD simulations. As can be seen, for the 3-atom moves shown in Fig. 2 Fig. 2(a) for n move ≥ 4 are too high in the case of Cu/Cu(100) growth to be active at room temperature, for the lower barrier n move ≤ 3 processes the [110] barrier is significantly higher than the [100] barrier, thus indicating that the [110] step-edge is more stable. On the other hand, the resulting increase in length makes the formation of large [110] step-edges energetically unfavorable in the case of Cu/Cu(100) [47] . This is consistent with the fact that the experimentally observed Cu/Cu(100) step-edges remain relatively smooth after annealing (see Fig. 1 (a)) with only relatively small-scale [110] step-edges. In contrast, as indicated by the filled symbols in Fig. 2 (e) and discussed in more detail below, with increasing coverage our TAD simulations of Fe/Cu(100) growth lead to a variety of more complex configurations in which some of the Cu step-edge atoms have been replaced by Fe atoms. As a result, the barriers for a variety of MID processes which destabilize the [100] step-edge and/or promote the formation of [110] step-edges are significantly lowered, while the barriers for processes which destabilize the [110] step-edge are raised, thus leading to the formation of relatively large [110] step-edges.
III. TEMPERATURE-ACCELERATED DYNAMICS SIMULATIONS
In contrast to molecular dynamics (MD) calculations, which typically can only access relatively short timescales, and kinetic Monte Carlo calculations (which can access longer time-scales but usually only include a small number of transition pathways) accelerated dynamics simulation methods [39] [40] [41] [42] 48 ] may be used to carry out simulations over extended time-scales while including both on-lattice and off-lattice transition pathways. As discussed in more detail in Refs. [39] [40] [41] [42] , in the case of TAD this is done by carrying out a high-temperature basin-constrained MD simulation for each initial state to determine the possible transition pathways, hightemperature transition times, and activation barriers, and then extrapolating, using the assumption of harmonic transition state theory [49] , in order to determine the time and pathway for the first transition to occur at the desired low temperature. Once this is found, the transition is accepted and the process of transition searching via high-temperature MD simulation is repeated.
In order to examine in more detail the role of various MID processes on the step instability during the deposition of Fe on vicinal Cu(100), we have carried out TAD growth simulations at 200 K and 250 K [50] . As shown in Fig. 3 , the initial step configurations consisted of a long strip with a width of 2.5 or 3.5 (in units of the Cu lattice constant) whose edges were aligned along the [010] direction, as in the experimental Cu [100] steps in Fig. 1 . Since it has been speculated that surface vacancies may play a role [35] , in some cases we have included a small number of defects such as missing sites at step edges and surface vacancies [51] but have found their effects on the step morphology to be quite minimal. For comparison, we have also carried out simulations for the case of Cu on vicinal Cu(100).
In our TAD simulations of Fe/Cu(100) growth, Fe atoms were deposited randomly on the surface with initial kinetic energy K i ≃ 0.31 eV (corresponding to 2k B T is the melting temperature of Fe) and deposition rate F = 1 ML/s. While this deposition rate is 60 times faster than the typical experimental deposition rate (F exp ∼ 1 ML/min) it is at least six orders of magnitude slower than typical molecular dynamics deposition rates. The depositing atoms were initially placed at a height above the substrate equal to the highest height on the surface plus the EAM cutoff distance d cut (where d cut = 5.6Å for Fe). We note that at 250 K (200 K) only those processes with barriers less than 0.6 eV (0.5 eV) play a significant role in our simulations. Since the EAM barrier for isolated Cu (Fe) monomer diffusion on Cu(100) is approximately 0.5 eV (0.77 eV), there is significant Cu monomer diffusion in our Cu/Cu(100) simulations at 250 K while [110]
(a) Cu/Cu(100): θ = 0.076 ML isolated Fe monomers are essentially immobile. Similarly, since the EAM barrier for exchange (embedding) of Cu (Fe) on the Cu(100) terrace is 0.80 eV (0.77eV) there is negligible embedding of Cu (Fe) atoms which are far away from a step-edge.
Figs. 3(a) and (b) show the step morphology obtained from our simulations of Cu/Cu(100) and Fe/Cu(100) growth at 250 K respectively, after deposition of 0.076 ML (22 atoms) in each case [52] . We note that each of the pictures correspond to a minimized (zero-temperature) snapshot of the corresponding TAD configurations. Also indicated by the atoms labeled with numbers (where each atom participating in a given MID process is labeled with the same number) are the sequence of MID events in each case.
As shown in Fig. 3(a) , in the case of Cu/Cu(100) growth there were 11 MIDs near a step-edge, corresponding to the 11 (out of 22) atoms deposited on the upper terrace. However, due to the relatively low (0.5 eV) barrier for Cu monomer diffusion -which allows monomers to diffuse to the step-edge -as well as the higher barriers for larger MID processes except for tunneling (for which the corresponding configurations do not typically occur) all of these processes except event 9, which corresponds to a 3-atom kink MID, involved only 2 atoms. As a result, while some short [110] steps develop as a result of MID events, both step-edges remain relatively smooth. In addition to the 11 MID events observed in our simulations, there were approximately 300 single-atom events, including Cu monomer diffusion as well as a large number of repetitive low-barrier edge-diffusion events.
In contrast, in the case of Fe/Cu(100) growth (see Fig. 3(b) ) significantly larger scale [110] steps developed on the right side of the step. In this case, in addition to approximately 15,000 single-atom events (most of which corresponded to repetitive low-barrier edgediffusion events which had little effect on the step-edge morphology) 9 MID events occurred, while the number of atoms involved in each event ranged from n move = 2 to n move = 6. The initial configurations, transition pathways and activation barriers for each of the MID events are shown in Fig. 4(k) , are significantly lowered compared to the pure Cu case due to the presence of Fe atoms decorating the step-edge. In contrast, the barrier for the process shown in Fig. 4(p) , which destabilizes [110] step-edges, is raised in the case of Fe/Cu(100).
In order to understand the evolution of the step morphology, we first consider the formation of the pair of [110] step-edges shown at the bottom of Fig. 3(b) which involves the 3 MID processes shown in Fig. 4(a) , (b), and (d). Of particular interest is the tunneling process shown in Fig. 4(d) , which plays a significant role in the development of the pair of [110] step-edges at the bottom of Fig. 3(b) . This process is enabled by the detachment from a kink site, after MID event 3 is complete, of the rightmost Cu atom in Fig. 4 (c) (see arrow) which "opens the gate" for the tunneling process, forming the configuration shown in Fig. 4(d) . Due to the stronger Fe-Cu interaction along with strain effects, the barrier for this detachment process is significantly lowered in the presence of Fe (0.34 eV) compared to the pure Cu case (0.54 eV), thus allowing this process to occur. In addition, since the activation barrier for tunneling in the presence of Fe (0.24 eV) is not much higher than the barrier for re-attachment (0.19 eV) this process can occur before the edge-atom re-attaches to the kink site.
We now consider the formation and extension of the pair of [110] step-edges shown at the top of Fig. 3(b) . While the MID processes (5)- (9) (Fig. 4(f) and Fig. 4(i) -(l)) play a crucial role, a number of additional single-atom processes also play an important role. For example, before the MID process (5) shown in Fig. 4(f) fills the gap in the open step-edge a Cu atom detaches from this site (see Fig. 4(e) ) and is then "pinned" in between the pair of Fe atoms shown in the top right of Fig. 4(f) . After MID process (5) occurs the pinned Cu atom then rejoins the step-edge (see Fig. 4(g) ) with a significantly reduced barrier (0.32 eV versus 0.44 eV before MID process (5)). This allows the rightmost Fe monomer in Fig. 4(h) to hop with an even more significantly reduced barrier (0.36 eV versus 0.77 eV when there is no Cu atom nearby) to the site previously occupied by the pinned Cu atom and complete the two [110] step-edges, as indicated by the initial configuration in Fig. 4(i) . After two additional MID events (events (6) and (7)), each of which is preceded by the deposition of a participating Fe atom on the upper terrace, the upper [110] step-edge is then extended by an additional row. Thus, in addition to the three MID events (5) - (7) shown in Fig. 4 , the strong Fe-Cu interaction -which leads to the "pinning" of the Fe monomer deposited near a step-edge as well as a significant reduction in the Fe monomer diffusion barrier once the step-edge is almost complete -plays a crucial role in explaining the evolution of both of the pairs of [110] step-edges shown in Fig. 3(b) . Fig. 2 (e) shows a summary of the barriers for various MID events observed in several different TAD simulations of Fe/Cu(100) growth including those observed in the simulations leading to Fig. 3(b) and 3(c) . As can be seen, the activation barriers for MID events with additional Fe atoms decorating the step-edges are significantly lower than in the absence of such additional Fe atoms (open symbols connected by lines).
While the strong Fe-Cu interaction plays a crucial role, due to the smaller lattice constant of Fe, elastic effects also play an important role in lowering the barriers for MID events as indicated by the 6-atom MID process shown in Fig. 4 (k) (event 8 with a 0.53 eV barrier). This process leads to an intermediate state (atoms labeled 'I' in Fig. 3(b) ) corresponding to a stripe dislocation (see Fig. 4(l) ), in which 3 Fe atoms and 3 Cu atoms are at non-epitaxial sites. This is followed by the very low barrier 6-atom process shown in Fig. 4(l) (0.08 eV, event 9 ) in which the leading Fe atom is "expelled" from the terrace and becomes an edge-atom which eventually diffuses along the [110] step-edge to a kink-site. As indicated in Fig. 4(k) , while the barrier for the first "intermediate" transition is 0.53 eV, in the pure Cu case there is no intermediate stripe-dislocation state, and thus the barrier for this process is much higher (0.93 eV). As a result, for Cu/Cu(100) growth the probability of such a 6-atom MID is negligible. Although not shown here, at slightly higher coverage this event leads to the subsequent further growth of the nearby [110] close-packed step-edge. The existence of significant elastic effects due to strain is also clearly indicated by the (non-epitaxial) bridge-site position of the Cu atom which is closest to the two Fe atoms labeled '7' in the snapshot shown in Fig. 3(b) .
As shown in Fig. 3(c) , we have also carried out TAD simulations of Fe/Cu(100) growth at 200 K. In this case only two MID events are observed, a 5-atom Fe embedding process which leads to an intermediate stripe dislocation (marked by 'I') followed by a subsequent fiveatom tunneling ID event with a low activation barrier of 0.2 eV. In both of these processes, strong Fe-Fe and Fe-Cu interactions (see Table I ) which exert compressive strain on nearby atoms play an important role in lowering the corresponding energy barriers. The propensity of small Fe clusters including Fe trimers (not shown) and tetramers to form small bcc-like structures with bond angles of 73 o −77 o can also be seen in Figs. 3(b) and (c), in good agreement with experimental results [12, 54] .
In order to determine if the instability in Fe/Cu(100) growth is purely a kinetic effect, we have annealed the configurations shown in Fig. 3(a) (Fig. 3(b) ) at 250 K for 1.8 sec (0.12 sec). As shown in Fig. 5(a) , in the case of Cu/Cu(100) the number of [110] step-edges was slightly reduced, primarily due to the attachment of 3 additional Cu atoms to the step-edge, and as a result the stepedge on the right-hand side became slightly smoother. Similarly, in the case of Fe/Cu(100) the only significant change (besides some minor re-arrangements of Cu atoms along both step-edges) corresponded to embedding of an Fe adatom on the upper terrace (near the atom labeled 'I6') to form a stripe dislocation consisting of 4 atoms (see Fig. 5(b) ) followed by a low-barrier dislocation release event. However, the number of atoms belonging to [110] step-edges remained unchanged. Interestingly, the energy of the annealed Fe/Cu(100) configuration (Fig. 5(c) ) was approximately 1 eV lower than that of the same configuration with four of the Fe atoms and one of the Cu atoms on the right-hand-side step re-arranged to maximize (minimize) the number of atoms belonging to [100] ([110]) step-edges and minimize the step roughness (see Fig. 5(d) ). These results indicate that while the Fe/Cu step-edge instability is driven by kinetics, energetics also plays a role [53] . Also of interest are the results of deposition on vicinal surfaces oriented along the [110] direction as shown in Fig. 3(d) . In this case the starting configuration corresponds to one long strip which crosses the system. Even though it is energetically favorable in the absence of strain and chemical effects to smoothly grow the closepacked step-edge, in this case there is an instability which leads to "perpendicular" growth. In particular, Fe or Cu atoms diffusing along the edge lead to kink sites which lower the barrier for MID events for Fe atoms on the upper terrace. In addition, Fe atoms which embed along the step-edge (atoms labeled '×' in Fig. 3(d) ) act as pinning sites. This leads to localized structures which grow perpendicular to the step-edge, accompanied by extensive multi-atom re-arrangements and additional MID events. These simulation results may provide a clue to understanding the large-scale protrusion structures observed in submonolayer Ni/Cu(100) [36] and Co/Cu(100) growth [43] . In particular, we note that in both the case of Ni/Cu and Co/Cu, the cohesive energy of the deposited material is higher than that of Cu, just as for the case of Fe/Cu studied here. In addition, for both pseudomorphic Fe/Cu (for which the strain is approximately 0.7%) and Ni/Cu(100) (for which the strain is approximately 2.7%) the strain is tensile. These similarities may explain why the instability obtained in our simulations of Fe/Cu(100) growth with a [110] step is similar to the large-scale protrusions obtained for vicinal Ni/Cu(100) and Co/Cu(100). In order to determine the role of energetics in this case, we have also compared the energy of the configuration shown in Fig. 3(d) with that of several artificial configurations in which the left-hand-side step-edge has been artificially 'smoothened' (see Fig. 6 ). Somewhat surprisingly, we find that both smoothened configurations are approximately 0.7 eV lower in energy than the original configuration with a protrusion. This indicates that the instability in this case is not driven by energetics but is a kinetic effect.
Finally, in order to get a better understanding of the role of Fe-Cu and Fe-Fe interactions on the step-edge instability, we have also carried out spin-polarized DFT calculations using the Vienna ab initio simulation package (VASP) [55] to calculate the binding energies of CuCu, Fe-Cu, and Fe-Fe dimers on Cu(100). As can be seen in Table I , there is good qualitative agreement between our DFT results and the results of EAM calculations. In particular, both indicate that the Fe-Fe and Fe-Cu interaction is stronger than the Cu-Cu interaction. Similarly, our results for the binding energy of dimers involving Ni on the Cu(100) surface indicate that the Ni-Ni and Ni-Cu interactions are also stronger than the Cu-Cu interaction.
IV. CONCLUSIONS
In conclusion, we have shown that the step instability observed experimentally after low coverage Fe deposition on a Cu(100) vicinal substrate with [100] steps is due to the existence of multiatom interlayer diffusion processes near step-edges whose barriers are significantly reduced by the existence of strong Fe-Fe and Fe-Cu interactions as well as strain effects. The effects of these processes are further enhanced by the pinning of edge-diffusing Cu atoms by nearby Fe atoms as well as the reduced mobility of Fe monomers on Cu(100). Combined with the relatively high energy barrier for MID at [110] steps these processes lead to [110] step formation. In addition, we have carried out simulations of Fe/Cu(100) growth on vicinal surfaces with [110] steps which indicate that similar effects may also lead to a different type of instability which may also explain a variety of other experimentally observed instabilities including those observed in vicinal Ni/Cu(100) and Co/Cu(100) growth with [110] steps as well as possibly Fe/Cu(111) growth [16] . In the future it may be worthwhile to carry out additional investigations in order to explore in more detail the mechanisms leading to these instabilities.
